Usher syndrome type II (USH2) is an autosomal recessive disorder characterized by moderate to severe hearing impairment and progressive visual loss due to retinitis pigmentosa (RP). To identify novel mutations and determine the frequency of USH2A mutations as a cause of USH2, we have carried out mutation screening of all 72 coding exons and exon-intron splice sites of the USH2A gene. A total of 20 USH2 American probands of European descent were analyzed using single strand conformational polymorphism (SSCP) and direct sequencing methods. Ten different USH2A mutations were identified in 55% of the probands, five of which were novel mutations. The detected mutations include three missense, three frameshifts and four nonsense mutations, with c.2299delG/p.E767fs mutation, accounting for 38.9% of the pathological alleles. Two cases were homozygotes, two cases were compound heterozygotes and one case had complex allele with three variants. In seven probands, only one USH2A mutation was detected and no pathological mutation was found in the remaining eight individuals. Altogether, our data support the fact that c.2299delG/p.E767fs is indeed the most common USH2A mutation found in USH2 patients of European Caucasian background. Thus, if screening for mutations in USH2A is considered, it is reasonable to screen for the c.2299delG mutation first.
INTRODUCTION
Combined deafness and blindness is a feature of at least 40 recognized human syndromes. Usher syndrome (USH) accounts for over 50% of these and has an estimated incidence of 4.4:100 000. 1,2 USH is the most frequent cause of recessive retinitis pigmentosa (RP). 3 The disorder is both clinically and genetically heterogeneous. Three clinical types have been defined, USH1, USH2 and USH3 on the basis of the severity and age during the onset of hearing impairment, vestibular dysfunction and retinal phenotypes. USH1 is the most severe with congenital profound hearing loss and vestibular dysfunction. USH2 is defined as moderate to severe, early onset, bilateral and symmetric sensorineural hearing loss. The symptomatic onset of RP is often in late adolescence and the vestibular system is normal. USH3 is distinguished from USH2 by the progressive nature of its hearing loss and variable impairment of vestibular function. Although USH3A is relatively rare in most populations, it may account for approximately 40% of USH cases in Finland [4] [5] [6] and in Ashkenazi Jews. [7] [8] [9] Progressive pigmentary retinopathy is usually typical for RP in all clinical types, but has been reported as occuring earlier in USH1; however, because of the considerable overlap between the ages of onset of visual disturbance in the USH subtypes, the onset of night blindness cannot be regarded as a reliable diagnostic discriminator. [10] [11] [12] [13] [14] [15] Further subdivision of USH has been possible based on the genomic loci and causative genes. To date, 11 loci have been mapped for USH and genes for 10 of them have been cloned. 16 USH1 is genetically heterogeneous. Five corresponding genes of the seven USH1 loci (USH1B-USH1H) have been identified so far. Known USH1 molecules are the molecular motor myosin VIIa (USH1B), the two cell-cell adhesion proteins, cadherin 23 (USH1D) and protocadherin 15 (USH1F) and the scaffold proteins, harmonin (USH1C), which contains post-synaptic density, disc-large, Zo-1 protein domains (PDZ) domains and SANS (scaffold protein containing ankyrin repeats and SAM domain, USH1G). There are three genetic loci now reported for USH2 (USH2A, USH2C and USH2D). The affected genes at these loci have been determined. The USH2 protein whirlin (USH2D) is also a PDZ domain-containing scaffold protein, whereas the remaining two USH2 proteins, usherin (USH2A) and GPR98 (G protein-coupled receptor 98 also known as VLGR1b or MASS1) (USH2C), are large transmembrane proteins and have similar pentraxin (PTX) homology domains, 17 suggesting that they may share an affinity for a common binding partner. Only one locus for USH3 (USH3A) has been reported so far. USH3A transcripts encode clarin-1, a membrane glycoprotein with four transmembrane domains from the clarin family.
Molecular analysis of USH protein function revealed that all the identified USH proteins are integrated into a protein network. [18] [19] [20] [21] [22] [23] [24] PDZ domains are protein modules that mediate protein-protein interactions. 25 In the inner ear, the PDZ containing proteins harmonin and whirlin are thought to facilitate such protein interactions within the supramolecular USH-protein network. 21 Previous molecular analyses and localization studies in mouse models have suggested roles for the USH1 transmembrane proteins, cadherin 23 and protocadherin 15, in the extracellular interstereocilia links in the inner ear sensory cells, specifically in formation of the tip links, [26] [27] [28] [29] whereas the three USH2 proteins usherin, GPR98 and whirlin were proposed as molecular components of ankle-links between adjacent stereocilia of mechanosensitive hair cells. [30] [31] [32] Usher syndrome type II is the most frequent type of USH, accounting for over half of the reported cases. 12, 33 Mutations in the other two known USH2 genes, whirlin (USH2D) and GPR98 (USH2C), are rare. 34, 35 Mutations in the USH2A gene on chromosome 1q41, encoding usherin, appear to be responsible for up to 85% of the USH2 cases. 36, 37 Usherin transcript was originally reported to be 5 kb, encoding a putative protein of 170 kDa 38 (Figure 1a) . A much larger USH2A transcript, expanding the length of coding sequence to 15 kb, encoding a putative 580-kDa protein was subsequently reported. 39 The long isoform contains, in addition to the previously known extracellular domains, 2 laminin G and 31 fibronectin type III repeats, as well as a transmembrane region followed by an intracellular domain with a PDZ-binding motif at the C-terminal end, that interacts with the PDZ domain of harmonin and whirlin 22, 30 ( Figure 1b) . Although the function of these gene products remains to be fully elucidated, the short variant is predicted to be a secreted, extracellular protein that is found expressed in both the retina and the inner ear. 40 The long variant is anchored on the cell membrane with a large extracellular domain that may serve to connect with the USH1 protein network. 20 Evidence suggests that this network links the actin core of the hair cell, stereocilia, within the inner ear. 18, 41 Mutations in USH2A have been associated with a wide spectrum of phenotypes including typical USH2, atypical USH and can also be responsible for non-syndromic autosomal recessive RP. 42, 43 We and others have shown that mutation analysis of the short isoform of usherin encoded by exons 1-21 revealed only 45-61% of the expected USH2A mutations. [44] [45] [46] The identification of additional 51 exons at the 3¢ end of USH2A 39 has provided obvious candidates for further mutation screening for molecular diagnosis of USH2A. At present, approximately 110 pathogenic mutations have been reported in the short isoform encoded by exons 1-21 and nearly 80 putative pathogenic mutations were reported in exons 22-72 of the long isoform. 47, 48 It is interesting to note that with the exception of the c.2299delG/ p.E767fs, many mutations are private and there are few common mutations among probands of different ancestry. In this study, we report the results of USH2A exons 1-72 mutation screening in a cohort of American probands of European ancestry with USH2 syndrome. 
MATERIALS AND METHODS Subjects

Clinical evaluation
Records of audiological examinations were available on many of the patients and were reviewed. Clinical ocular examinations were carried out on all patients. Visual function studies included kinetic perimetry (V-4e target) and full-field electroretinography (ERG). Techniques and details of the data analysis methods have previously been described. [49] [50] [51] [52] DNA isolation and mutation screening Blood samples were collected and genomic DNA was extracted using a standard extraction method. The single-strand conformation polymorphism (SSCP) and direct sequencing techniques were used to screen genomic DNA for mutation in USH2A exons 1-72. A total of 86 primer sets were designed to screen the entire 790 kb of genomic DNA using SSCP analysis. The sequences were derived from the cDNA (GenBank accession number AY481573). For exons 2, 6, 13, 17, 41, 42, 61 and 65, two to five overlapping sets of primers, spanning the complete exon, were used to generate suitable polymerase chain reaction (PCR) products for SSCP analysis (primer sequences are available on request). PCR was carried out in a 12. For mutation analysis, the PCR products were initially run on a 1 mm thick 8% non-denaturing polyacrylamide gel (PAGE) (acrylamide-N,N¢-methylene bisacrylamide 49:1) at 4 1C. The gels were developed using a previously described silver staining procedure. 53 Samples with altered migration in the SSCP analysis were sequenced using an automated sequencer (ABI 3100).
RESULTS
In total, 10 different USH2A mutations were identified in 60% (12 out of 20) of the probands, 5 of which have not been previously reported. Two novel missense mutations were identified. Three frameshifts and four nonsense mutations were detected in our cohort. One of the frameshift mutations and two of the nonsense mutations are novel. In 5 out of 20 probands (25%), biallelic USH2A mutations were identified that were likely pathological. Two cases were homozygotes for the c.2299delG/p.E767fs mutation, 44 43 ). In 7 out of 20 (35%), only one USH2A mutation was detected. No pathological mutations were found in the remaining eight probands. The USH2A genotypes of those patients are summarized in Table 1 . A schematic representation of the distribution of the mutations identified in the present study, along the USH2A protein domains, is shown in Figure 1b . Three mutations causing frameshifts with premature termination were detected in this study. A previously identified single-base deletion of a guanosine residue in exon 13, at nucleotide position 2299 (c.2299delG/p.E767fs), 44, 54 caused a frameshift at amino acid position 767, followed by a stop codon 20 amino-acid residues downstream. This mutation was predicted to give rise to a truncated protein of approximately 85% of the size of normal transcript. We identified five individuals with the c.2299delG; two of them were homozygous, and three were heterozygous with only one identifiable mutation. Thus, the c.2299delG mutation was the most prevalent mutation, accounting for 38.9% (7 out of 18) of the pathological alleles. One previously reported USH2A deletion c.3187_3188delCA 43 caused by the T-C transition, affecting nucleotide 15377 in exon 71, results in the replacement of isoleucine, a non-polar/large/nonaromatic amino acid, with an uncharged polar amino acid threonine. These substitutions thus could have consequences that are unpredictable unless the structure of each of the mutant proteins is determined. The three missense changes might be pathogenic, on the basis of the following criteria: (1) these substitutions were absent in 150 unrelated control DNA samples of Caucasian background; (2) the three newly identified changes are located within functional domains of the USH2A protein ( Figure 1b) ; (3) interspecies comparison of USH2A shows that three of the identified missense substitutions (p.R303, p.W4175 and p.I5126) are evolutionary conserved between human, chimpanzee (P. troglodytes), domestic dog (C. familiaris) and mouse ( Figure 2 ). Finally, we identified a total of 21 variants or Clinical characteristics of 12 patients with USH2A gene mutations are provided in Table 3 . In these patients the sensorineural hearing loss was bilateral, ranged from mild in the lower frequencies and moderate to severe in the higher frequencies and, in two cases, was progressive. There was a range of visual acuities and refractive errors in the patients. Visual field extent with a large bright target (V-4e) could be normal in early disease stages and reduced to a small central island in more advanced stages. There was a spectrum of ERG abnormalities but most patients showed rod more than cone dysfunction, in keeping with our earlier reports using these and other methods in this USH genotype. 51, 52 ERGs were not detectable in five patients, all of whom were in the fourth decade of life. In younger patients, ERGs could show a non-detectable rod b-wave and reduced cone responses. One patient (P11), at 17 years of age had normal ERG amplitudes, whereas her fraternal twin (P12) had more severe disease expression. Details of retinal phenotypes of the dizygotic twin sisters have previously been described. 51 Major discordances in retinal dysfunction between the twins add further support to the contention that there may be involvement of modifier genes and environmental factors in USH2A.
DISCUSSION
To date, approximately 190 mutations in the USH2A gene have been reported in patients with USH2. 47, 48 In this study, altogether a total of 18 mutated alleles were identified in a screening of 20 American USH2 patients of European ancestry. A high diversity of mutations was found in our cohort of patients: three missense, three frameshift, and four nonsense mutations. Of the 40 independent USH2A alleles, 18 were shown to carry a mutation (45%). Mutations in USH2A have been identified in 12 of 20 (60%) probands with USH2 phenotype. In seven individuals, only one mutation was detected (7/20¼35%), two patients carried two pathogenic mutations (E767fs homozygotes) and two carried two possibly pathogenic mutations (compound heterozygotes with a nonsense and missense) and one case had three potentially pathogenic changes (E2288X/E2288X/3187-3188delCA) in the USH2A gene. In 7 of the 20 patients studied, we were unable to identify the second mutation. No pathological mutations were found in eight probands. It is very likely that we could have missed the disease-causing mutations in the USH2A gene in those cases because of the amplicons analysis, as neither SSCP nor direct sequencing, the two methods used for mutation screening, even combined, detects all mutations present. It is also known that certain types of heterozygous mutations such as exon-spanning deletions or inversions cannot be detected if single-exon amplification is carried out. It is also possible that the mutations are located in the promotor region, the intronic regions and the 3¢ and 5¢ untranslated regions, which we did not screen. Misdiagnosis could be an alternative reason for failure of mutation detection. Finally, the USH2A locus may be in digenic interactions. In this case, the second mutation might involve a gene whose product interacts with usherin. The six new mutations described in this study were found to be distributed along the USH2A gene (Figure 1b) : the c.908G4A/ p.R303H mutation occurs in the laminin N-terminal domain; Four of the mutations (c.6862G4T/p.E2288X, c.8981G4A/p.W2994X, c.11875delC/p.Q3959fs, c.12525G4C/p.W4175C) are detected in the FN3 repeats tandem of fibronectin type III domains. Finally, the c.15377T4C/p.I5126T was identified within the transmembrane domain of Usherin. The c.2299delG/p.E767fs mutation, located in the EGF Lam domain of the USH2A protein seems to be extremely common in many populations. Prevalence ranging from 0.16-0.44 among patients with USH2A have been reported, depending on the geographic origin of the patients. The c.2299delG has been detected in 25% of families with USH2 from a Spanish population 55 and in upto 50% of USH2A families from Europe and the United States of America. 37, 54, 56 Our previous mutation analysis of the USH2A gene have shown that the 2299delG mutation can also lead to atypical USH. 54 In this study, the c.2299delG mutation occurred in 5 probands in a group of 20, thereby accounting for 25% (5/20) of USH2A mutant alleles. Our present data further support the finding that c.2299delG is indeed the most common mutation found in the USH2A gene in USH2 patients of European descent. Our study confirms the absolute necessity to screen the entire USH2A gene consisting of 72 exons, as 10 out of 18 mutated alleles identified in this study are located in exons 22-72 of the gene. It also indicates that, if screening for mutations in USH2A is considered, it is reasonable to screen for the c.2299delG mutation first.
Mutations in the USH2A gene display a wide phenotypic spectrum. This latter underlines how the relationship between pathogenetic mutations and disease phenotype is becoming increasingly complex. The most common mutation in USH2A, 2299delG, causes typical USH and we have shown that it can also lead to atypical USH syndrome. 54 Another frequent variant in the USH2A gene, the C759F mutation, has been described in 4.5% of patients with nonsyndromic recessive RP. 57 Compound heterozygosity for C759F and nonsense, splicing, or missense mutations in the USH2A gene have been reported in cases with recessive RP without hearing loss 57, 58 and in atypical USH, 59 as well as in asymptomatic cases. 58 It is also known that there is both interfamilial and intrafamilial phenotypic variation among subjects with the same USH2A mutated genotype. 58, 60 In accordance with previous reports, we were not able to assign any phenotypic variation to the particular mutations detected in this study. This observation implies that the clinical manifestations of USH2A may be modulated by environmental or genetic modifiers or stochastic factors. This hypothesis is corroborated by our previous data which have shown that phenotypic differences in USH2A are also detected in monozygotic as well as in dizygotic twins. 51, 54 There are a number of instances whereby identical mutations in a given gene can give rise to diverse phenotypes and, in many diseases, only a subset of all mutations reliably predicts the phenotype. 61 The USH2A gene represents another example of such phenotypic variation of a Mendelian disease. Mutation analysis and careful clinical investigation of additional patients with USH2, combined with the study of mutated proteins, should allow a more accurate prediction of the phenotype based on the genotype. Perhaps more importantly, these studies should also provide the basis for a genome wide-scale segregation analyses for mapping and identification of ¢gene modulators¢. From this knowledge, we should gain insight into the pathogenic mechanisms underlying deafness and/or blindness in USH. In summary, lack of strong phenotype-genotype correlations and clinical differences between the twin cases indicate that there may be important roles for modifier genes and environmental factors, other than mutations in USH2A gene, and they may have contributed to the development of phenotype in USH2.
